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Abstract: We show that the coherent oscillations of a spin-2 field from bimetric theory can easily account
for the observed dark matter abundance. We obtain the equation of motion for the field in a cosmological
setting and discuss in detail the phenomenology of the model. The framework is testable in precision
measurements of oscillating electric charge in atomic clocks, using atomic spectroscopy and in dedicated
resonant mass detectors as well as in axion-like-particles experiments, which therefore provide a new
window to probe and test gravity itself. We also comment on possible multimetric extensions of the
framework that straightforwardly implement the clockwork mechanism for gravity.
Introduction
The presence of dark matter (DM) in our Universe is in-
ferred purely from its gravitational effects [1,2], availing
the idea that this mysterious component is a manifes-
tation of gravity itself. This possibility, however, imme-
diately faces two difficulties. First, the lack of a consis-
tent quantum theory of gravity gives no theoretical guid-
ance to move beyond the paradigm of General Relativity
(GR). Second, the characteristic weakness of gravita-
tional interactions strongly limits the experimental guid-
ance on which a new theory can be built. Nonetheless, in
this work we suggest that an approach driven by gravity
is actually more rewarding.
DM is expected to arise in a natural way within theo-
retically consistent extensions of GR, as these theories
necessarily include new gravitational degrees of freedom.
The interactions of the latter are dictated by the theo-
retical framework itself, likewise for neutralinos in super-
symmetry, resulting in testable predictions that entwine
particle physics experiments with tests of gravity.
This is the case for bimetric theory (BT) of gravity,
or bigravity [3,4], the only known consistent ghost-free
extension of GR including a new interacting massive
spin-2 field. This theory was extensively studied in lim-
its where the mass of the new spin-2 field is assumed
to be of order of the Hubble parameter today [5–12],
mFP ∼ H0 ∼ 10−33 eV, to model the late evolution
of the Universe. Yet, once regimes relevant for particle
physics are considered, this framework delivers an ideal
DM candidate [13–16]. Indeed, recent studies showed
that a TeV-scale spin-2 particle emerging from BT is
stable on cosmological scales, gravitates exactly as usual
matter and can be produced in the required abundance
via gravitational freeze-in [14,15].
Based on a direct analogy with axion-like particles
(ALPs) [17–19], in this work we exemplify the reach
of the proposed approach by investigating the proper-
ties of light spin-2 fields from BT in relation to the DM
puzzle. The scenario we delineate is based on the so-
called “misalignment mechanism”, which sets the initial
conditions for spin-2 field in cosmology. When the Hub-
ble parameter drops below its mass, H < mFP, the field
starts to oscillate coherently, giving rise to a DM abun-
dance. The oscillations are rapid enough to average out
the directional anisotropies [20,21] imputable to the in-
trinsic spin. We therefore propose a cold DM matter
candidate that, similarly to ALPs, is consistent with all
observations [22] and that does not rely on Hubble scale
anisotropies [10] nor on the existence of primordial mag-
netic fields [16] for its viability.
In this Letter we show that the observed DM abundance
can be matched for a wide range of spin-2 field masses,
10−24 eV < mFP < O(0.1) eV, in agreement with the
bounds imposed by the consistency of the theory and
cosmological observations. While the latter affect oscil-
lating spin-2 fields in the same fashion as ALPs, we ar-
gue that direct detection experiments can distinguish be-
tween the two as DM couples here to the stress-energy
tensors of matter and radiation. The resulting interac-
tions with electric and magnetic fields, Ei and Bi , are of
the form EiEj ±BiBj and EiBj ±BiEj , and give rise to
a phenomenology different from that of the axial cou-
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pling E ·B of ALPs1. On top of that, the framework
we propose can be clearly distinguished from ALPs be-
cause it predicts an oscillating electric charge due to
the coupling of the spin-2 particle to the stress energy
tensors of matter. The resulting directional effects can
be investigated by means of atomic clocks [23], atomic
spectroscopy [24, 25] and dedicated resonant mass de-
tectors [26].
We also extend this framework to multimetric theo-
ries [27], which straightforwardly implement the clock-
work mechanism [28,29] of particle physics and give rise
to additional effects that upcoming cosmological obser-
vations might reveal.
Basics of Bimetric theory
Given two spin-2 fields fµν and gµν , the BT action is
2
[3]
S =− M
2
P
1 + α2
∫
d4x
[√
|g|R(g) + α2
√
|f |R(f )+ (1)
+ 2
α2M2P
1 + α2
√
|g| V (g, f ;βn)
]
+
+
∫
d4x
√
|g|Lm(g,Ψ) ,
whereMP ≈ 2.4×1018 GeV is the reduced Planck mass,
and α is a dimensionless constant that accounts for dif-
ferences in the strength of the interactions associated
to the spin-2 metric fields.
On top of the usual Einstein-Hilbert kinetic terms for fµν
and gµν , the first line of Eq. (1) harbours the interaction
potential V (g, f ;βn). This contains five dimensionless
parameters βn, n ∈ [0, 4], and is engineered around the
requirement that no propagating ghost degrees of free-
dom appear in the theory [3, 30, 31]. The last term in
Eq. (1) is the Lagrangian of generic matter fields Ψ.
Notice that the absence of ghost modes forces the lat-
ter to interact only with one of the metric fields present
in the action3 [32, 33], effectively spoiling its symmetry
under the interchange of the two metrics. For further
details we refer the reader to [4].
In order to disentangle the roˆles of the two metrics, we
linearise the theory by considering metric fluctuations
1
Notice that ALPs experiments not sensitive to polarisation ef-
fects, like “shining-through-the-wall” tests, will constrain the
two scenarios in similar ways.
2
Throughout this work we adopt the (+ − −−) signature for
both the metrics; greek subscripts or superscripts will take
values in {0, 1, 2, 3}; latin indices span instead the restricted
set {1, 2, 3}.
3
The theory remains ghost-free also if matter couples to the
same combination of the metric fields which appears in the
potential. This prescription, however, leads to the same phe-
nomenology as the case under examination.
around identical backgrounds f¯µν = g¯µν as
gµν = g¯µν + ǫ hµν , (2)
fµν = g¯µν + ǫ ℓµν , (3)
with ǫ a small expansion parameter [14, 15]. The re-
sulting quadratic action can be diagonalised by means
of the following substitutions
hµν =:
1
MP
(
Gµν − αMµν
)
, (4)
ℓµν =:
1
MP
(
Gµν + α
−1Mµν
)
. (5)
As we can see, the parameter α also quantifies the mix-
ing between the interaction eigenstates hµν and ℓµν and
the mass eigenstates Gµν and Mµν . In terms of Gµν
and Mµν we find [14,15]
S(2) :=
∫
d4x
√
|g¯|
[
L
(2)
GR (G) + L
(2)
FP (M)+ (6)
− 1
MP
(
Gµν − αMµν
)
T µν(Ψ)
]
+ O
(
ǫ3
)
.
Here L
(2)
GR (X) is the usual expression obtained by
expanding the action of GR at the quadratic level
L
(2)
GR (X) := M
2
PX
µν
E
λκ
µν Xλκ, with the Lichnerowicz op-
erator defined by
E
λκ
µν :=δ
λ
κ− GµνG λκ+ G λκ∇µ∇νM+ (7)
+ Gµν∇λ∇κ − 2∇λ∇(µδκν) ,
where 2X(µ,ν) := Xµν + Xνµ. T
µν(Ψ) is the stress en-
ergy tensor of the matter fields Ψ. Indices are raised and
lowered by means of the background metric g¯µν .
The remaining term in Eq. (6), L
(2)
FP (M), is the
quadratic Fierz-Pauli Lagrangian
L
(2)
FP (M) := L
(2)
GR (M)−
m2FP
4
(
MµνM
µν −M2) , (8)
where we identified the Fierz-Pauli mass mFP :=√
β1 + 2β2 + β3MP for the spin-2 field Mµν . The two
remaining parameters β0 and β4 correspond to two iden-
tical cosmological constants that, for the purpose of this
work, can be safely neglected.
Recasting Eq. (1) in terms of the mass eigenstates Gµν
and Mµν makes the field content of the theory explicit.
At the linearised level, BT contains a massless spin-2
field, Gµν , which possesses two helicity states likewise
the usual graviton of GR, and an additional spin-2 field,
Mµν , characterised by a Fierz-Pauli mass mFP induced
by the interaction potential V . Being massive, Mµν
propagates five independent degrees of freedom. Notice
that the coupling strength of Mµν to ordinary matter is
that of the massless field times α.
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A massive spin-2 field
We define a non-linear “background” Gµν as
Gµν = g¯µν +
1
MP
Gµν . (9)
Since terms linear inMµν and of any order in Gµν vanish
in the expansion of the original action (1) [14, 15], we
can partially re-sum the expansion to separate the effec-
tive background Gµν from the dynamics of the massive
fluctuation Mµν . Through this procedure we formally
obtain
Sspin-2 =−M2P
∫
d4x
√
|G |R(G )+ (10)
+
∫
d4x
√
|G |L (2)FP (M) + O
(
M3µν
)
.
As a result, the theory at hand contains a propagat-
ing spin-2 particle, the massive field Mµν , on a generic
background encoded in the metric Gµν [14,15].
The separation of the action presented in Eq. (10)
emerges naturally when H ≪ mFP, where H :=
∂ log a(t)/∂t is the Hubble parameter and a(t) the scale
factor of the Universe. The background metric Gµν has,
in fact, a characteristic length and time scale of 1/H
which is much longer than the typical wavelength 1/mFP
of the massive spin-2. We limit the values of α and mFP
in a way that the theory reproduces GR within the sen-
sitivity of gravity tests [34,35]: for small mFP ≪ 1 meV
we take α ≪ 1, whereas we can allow α ≥ 1 when
mFP ≫ 1 meV [14,36].
The equation of motion (EOM) for the massive spin-2
field Mµν can be derived from Eq. (10) via variational
derivative with respect to the field Mµν ,
E
λκ
µν Mλκ − RMµν + GµνRλκMλκ+ (11)
+
1
2
m2FP(Mµν − GµνM) = 0 ,
where M := Mµµ and indices have been raised and low-
ered by means of the non-linear metric Gµν , which also
determines the expressions of the metric connection
used in the covariant derivative∇µ and curvature tensor.
The structure of the EOM (11) can be simplified by tak-
ing into account the linearised Bianchi identities, which
imply that∇µMµν = ∇νM, and thus∇µ∇νMµν = M.
Substituting this constraint in the trace of (11) results
in the tracelessness of the massive spin-2 field, M = 0,
which in turn enforces transversality: ∇µMµν = 04.
These constraints ensure that the massive spin-2 field
propagates only five degrees of freedom.
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Notice that for the massive spin-2Mµν the transverse and trace-
less conditions directly descend from the Bianchi identities and
are not a gauge choice.
Coherent oscillations of a massive spin-2 field
We analyse now the dynamics of the massive spin-2
field in the early Universe, on a Friedmann-Lamaˆıtre-
Robertson-Walker (FLRW) background, Gµν =
diag(1,−a2(t),−a2(t),−a2(t)), t being cosmic time.
Because the stress-energy tensor sourcing the FLRW
background is necessarily that of a perfect fluid, it is pos-
sible to further simplify the equation of motion via the
Einstein equations for the background metric and by re-
ordering the covariant derivatives. As a result, Eq. (11)
reduces to
Mµν + 2RµανβM
αβ +m2FPMµν = 0 , (12)
where we accounted for the transversality and trace-
lessness of Mµν . In terms of the EOM for the individ-
ual components of the massive spin-2 field, the same
constraints force M0ν = 0 and M
i
i = 0 (summation
implied).
The dynamics of the five remaining degrees of freedom,
in Fourier space, is governed by
M¨i j + 3HM˙i j + k
2Mi j +m
2
FPMi j = 0 , (13)
where a dot indicates differentiation with respect to t
(see also [37, 38]). Notice that these equations have
been obtained from (12) without any further approxi-
mation.
With the EOM at hand, we focus on the “homoge-
neous” modes of the spin-2 field, k ≪ mFP, obey-
ing
M¨i j + 3HM˙i j +m
2
FPMi j = 0 . (14)
At early times, when H ≫ mFP, these modes are essen-
tially massless and frozen due to Hubble friction. This
regime is maintained until H ∼ mFP, at which point the
homogenous modes begin to oscillate with a character-
istic frequency ω = mFP
Mi j ∼ a(t)−3/2 cos(mFPt) . (15)
The resulting evolution of each component is thus iden-
tical to that of a free scalar field oscillating in the
quadratic potential imposed by a mass term.
Rapid oscillations around the minimum (mFP ≫ H ) en-
sure that Mi j behave as matter, as required of a suitable
DM candidate [10, 19]. This can be shown by comput-
ing the energy density ρDM and pressure PDM from the
energy-momentum tensor of Mµν , defined as
T µνM ≡
1√
|G |
δ
(√
|G |L (2)FP (M)
)
δGµν
. (16)
We find ρDM ∼ M˙i jM˙ i j + m2FPMi jM i j and PDM ∼
M˙i jM˙
i j −m2FPMi jM i j . A direct computation shows that
in the fast oscillating regime M˙i jM˙
i j = m2FPMi jM
i j and
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the pressure term therefore vanishes (this also descends
from the virial theorem). Hence, from the Bianchi iden-
tities,
∇µT µM ν = 0, (17)
and by assuming a perfect fluid form for T µM ν =
diag(ρM,−PM,−PM,−PM), we immediately infer that
ρ˙M + 3HρM = 0, in complete analogy with the ALPs
case. The scaling of ρM can also be computed directly
by averaging the equations of motion (14) in the expres-
sion for ρ˙M.
Since the oscillating massive spin-2 field behaves like
matter, we estimate its contribution to the observed
DM density to be [19]
ΩDM ≈ 2.0
(
mFP
10−24eV
)1/2〈(M∗i j
MP
)2〉
, (18)
where the initial field value at the time oscillations be-
gin5,M∗i j , is set by the misalignment mechanism. From a
phenomenological point of view, the observed DM abun-
dance ΩDM = 0.26 [22] can be matched for a wide range
of mFP: 10
−24 eV . mFP . O(0.1) eV. The quoted
upper bound on the mass comes from the requirement
of spatial coherence of the oscillating field (that is, that
the field dynamics are captured by classical equations of
motion), whereas the lower bound is due to the dynam-
ics of galaxy formation (see for instance [39,40]).
We remark on an important difference between oscillat-
ing scalar and spin-2 fields. Due to the intrinsic spin,
the homogeneous modes of the latter are not isotropic,
but must respect the stringent microwave background
anisotropies bound [41]. However, similarly to the case
of spin-1 field discussed in Ref. [42], the characteris-
tic quadrupolar anisotropy induced here is dynamically
driven to negligible levels [20, 21] via the rapid oscilla-
tions of the spin-2 field. Before oscillations begin the
anisotropy is inevitably present, but it is negligible since
the energy density of Mµν is vastly subdominant com-
pared to that of other isotropic components.
Clockwork extensions of bimetric theory
Bimetric theory can be extended to a multimetric grav-
ity theory by introducing extra spin-2 fields and the cor-
responding interaction potentials. The resulting multi-
metric theory is the most natural and consistent frame-
work to implement a gravitational clockwork mecha-
nism [28, 29] in Nature. The basic idea behind this
paradigm is to consider N sites of identical physical sys-
tems, spin-2 sectors in our case, sequentially coupled
to each other via interaction potentials which prevent
the appearance of ghost modes. In the limit N → ∞,
5
We assume that oscillations begin during the radiation domina-
tion epoch.
the system then effectively acquires a continuous ex-
tra dimension. This construction aims to explain hier-
archies in physics in terms of exponential dependences
between physical parameters induced by the separation
of the sites. In the multimetric clockwork interpretation
of BT, the apparent weakness of gravity, or the unnatu-
rally large value of the Planck scale, can be explained by
the exponential suppression of a TeV-scale fundamental
mass parameter appearing in a distant site of the theory
which directly interacts with matter.
Phenomenology
Cosmological constraints
Large scale structure formation casts a lower bound
on the oscillating field mass, mFP & 10
−24 eV, that
is roughly the inverse size of a dwarf galaxy [39, 40].
Black hole superradiance, instead, excludes masses 6 ×
10−13 eV & mFP & 2 × 10−11 eV independently of
the origin of the radiated field [26, 43], whereas Pul-
sar Timing Arrays will probe in the future the lowest
end of the available mass range [44,45]. Spin-2 masses
10−23 eV . mFP . 10
−18 eV can also be tested by
seeking secular changes in the orbital period of binary
pulsars [46] and, with different systems lying on different
orbital planes, it is in principle even possible to determine
the spin-2 nature of the disturbance. The lowest end of
the considered mass spectrum is also constrained by the
requirement of perturbativity for the cosmological solu-
tions of BT [15]: ρ < m2FPM
2
P/α
2, where ρ is the total
energy density of the Universe. By supposing a radia-
tion dominated regime and recasting the bound in terms
of the reheating temperature T , the requirement of suc-
cessful Big Bang Nucleosynthesis, T > O(1) MeV, then
implies mFP & 10
−15√α eV. Clearly, depending on the
value of α, this consistency bound might supersede the
limits discussed above. As for the constraints posed by
observations within the post-Newtonian formalism, we
find that these scale with α and are in general less strin-
gent [47].
As customary in ALPs scenarios, we attributed the ini-
tial displacement of our field to a misalignment mech-
anism, possibly related to a gravitational phase tran-
sition resulting in the interacting potential of Eq. (1).
Alternatively, a non-zero displacement of the field can
be induced by its random Gaussian fluctuations during
the de Sitter inflationary epoch. In this case we expect
that [48] M∗i j < 3Hinf
√
N, where Hinf ∼ 1014 GeV is the
Hubble value during inflation and N is the total number
of e-folds. This relation, together with Eq. (18), implies
a lower bound mFP & 10
−12 eV which greatly restricts
the available parameter space. In this case, the maximal
spin-2 field coherence distances is about 103 km, yield-
ing possible implications on small scale structure forma-
4
tion issues such as the core-vs-cusp problem [49]. The
inflationary origin of the spin-2 field initial displacement,
however, is strongly constrained by the current limits
on isocurvature perturbations6, which the spin-2 field
sources in the same way as ALPs [19]: ∆iso ≈ Hinf/πM∗i j .
Therefore, whereas for a generic misalignment mecha-
nism the current measurements ∆ad ∼ 5 × 10−5 [50]
simply imply that M∗i j & 10
−6Hinf/π, for an inflation-
ary origin of the displacement this bound translates
into a harsh constraint on the total number of e-fold
N & 1010.
As for clockwork multimetric gravity, we expect the the-
ory to involve many spin-2 massive fields, characterised
by different Fierz-Pauli masses m1FP > m
2
FP > ... > m
N
FP,
which would start to oscillate at different times during
the evolution of the Universe. As a result, depending
on the initial displacement of the fields, the scenario
predicts rapid changes in the energy density of the mat-
ter component of the Universe as the latter evolves.
If the masses of (some of) the spin-2 fields are such
that oscillations begin close to matter-radiation equal-
ity, mFP ∼ 10−24, future observations might detect the
transitions eras when these fields start to contribute into
the matter energy density [51].
Laboratory tests
The classical laboratory probes for new light fields are
fifth force searches and tests of the equivalence princi-
ple. Both probes constrain new theories independently
of their link to DM.
Fifth force experiments seek deviations from the 1/r
scaling of the gravitational potential, induced in our case
by the coupling α/MP of the massive spin-2 field to the
stress-energy tensor of matter. By examining spheri-
cally symmetric solutions of BT, we predict a correction
∆ΦN = α
2 exp(−mFPr ) to Newton’s potential [15, 36].
The most sensitive experimental results [34, 52] imply
that α ≤ 10 for mFP ∼ 10−1 eV and α < 10−2 for
mFP < 10
−2 eV.
Tests of the equivalence principle are instead sensitive
to variations of fundamental parameters of the Stan-
dard Model, such as the electron and proton mass ratio,
me/mp, and the elementary electric charge. Although in
our case the massive spin-2 field couples to proton and
electron masses identically, experiments [53] constrain
α < 10−1−2 for 10−24 < mFP < 10
−6 eV, covering
most of the considered mass range [26].
Equivalence principle-violating effects could be also de-
tectable as temporal and directional variations of the
elementary electric charge [54], which induce modula-
tions in the emission lines of atoms and nuclei inves-
6
For the following discussion we assume that our oscillating spin-
2 field solely accounts for the observed DM abundance.
tigated by means of atomic clocks [23], atomic spec-
troscopy [24,25] and with dedicated resonant mass de-
tectors [26]. The massive spin-2 field we consider, in
fact, interacts with radiation according to [55]
S ⊃ α
MP
Mµν
(
1
4
GµνF
ρσFρσ − F ρµ Fνρ
)
, (19)
resulting in effective couplings to electric and magnetic
field of the forms EiEj±BiBj and EiBj±BiEj . Whereas
the bounds from [23–26] apply here at least as an order
of magnitude estimate, the explicit form of the spin-
2 coupling is clearly different from that of the scalar
and pseudoscalar fields usually considered in literature,
which respectively couple to electric and magnetic fields
via E2 − B2 and E ·B. The induced non trivial polari-
sation correlations and the possible directional and tem-
poral variations of electric charge therefore constitute a
distinguishing signature of the model.
Lastly, searches aimed at detecting photon-ALPs con-
version in strong magnetic fields, as light-shining-
through-the-wall experiments for instance, probe this
scenario with the same reach as in usual ALPs model.
In this case, the characteristic decay constant is to be
compared to α/MP.
Conclusion
In this Letter we have investigated a limit of bimetric
theory in which DM is explained through the coherent
oscillations of a light spin-2 field. After presenting the
basics of the scenario and the description of the mas-
sive spin-2 field, we computed its equation of motion
in a cosmological background. By solving the latter we
demonstrated that the massive homogeneous modes of
the spin-2 field rapidly oscillate if H < mFP, and that
their stress-energy tensor matches that of matter. Ow-
ing to the misalignment mechanism, the spin-2 field can
account for the observed DM abundance across a wide
range of masses 10−24 eV < mFP < O(0.1) eV. We also
commented on the possibilities offered by an extension
to multiple metrics, which implements in a natural way
the clockwork mechanism for gravity. It is fascinating
that, beside traditional tests of gravitation, laboratory
searches ranging from precision measurements of the
fundamental electric charge with atomic clocks to ded-
icated resonant mass detectors, as well as experiments
devoted to axion-like-particles, could contribute to un-
veil and comprehend the properties of gravity.
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